3,4-Methylenedioxymethamphetamine (MDMA), a common recreational drug, is known to cause serotonergic neurotoxicity in the brain. Dextromethorphan (DM) is a widely used antitussive reported to exert anti-inflammatory effect in vivo. In this study, we examined the long-term effect of MDMA on the primate serotonergic system and the protective property of DM against MDMA-induced serotonergic abnormality using single photon emission computed tomography (SPECT). Nine monkeys (Macaca cyclopis) were divided into three groups, namely control, MDMA and co-treatment (MDMA/ DM). [
1
. It has been reported that approximately 13 million adults aged 18 to 25 reported ecstasy use at least once in their lifetime in 2012 and there are 869,000 new users of ecstasy aged 12 and older in the USA 2 . Recent studies have shown that MDMA chronically inhibits neocortical serotonin signaling in parallel with hyperthermia [3] [4] [5] and causes deficits in prospective memory and/or social intelligence 6 . Animal studies have demonstrated that repeated administration of MDMA results in clusters of aberrant serotonergic fibers 7 and affects the serotonergic neurotransmitter system in an association with reduced density of cerebral serotonin transporters (SERT) in the brain 8, 9 . Regarding serotonergic pathway of brain, MDMA alters serotonin (5-HT), 5-HT receptors, and SERT levels 9, 10 . MDMA is known to have a high affinity to α -adrenergic and nicotinic receptors (e.g. NMDA receptor) 11 . It has been reported that blocking of SERT or activation of NMDA receptor by MDMA cause the death of neurons 12, 13 . The involvement of SERT in the pathological mechanism of MDMA has been well documented, along with therapeutic drugs to protect against MDMA-induced neurotoxicity 9, [14] [15] [16] . Dextromethorphan (DM, 3-methoxy-17-methylmorphinan) is a typical morphine like opioid, which is derived from levorphanol 17 . DM is known for its acceptable safety and efficacy profiles with no sedative or addictive properties at recommended antitussive doses 18, 19 . It is also a relatively selective and specific NMDA receptor antagonist and reported to inhibit serotonin uptake into neurons [20] [21] [22] [23] . Base on its pharmacological effects, DM is used for treating pseudobulbar affect (PBA, a common manifestation of brain pathology associated with many neurological diseases) 24 and prescribed as a neuroprotective agent for seizures, cerebral ischemia and Parkinson's disease 19 . Although DM have been reported for its protect effect on methamphetamine-induced neurotoxicity in vivo 25 , it remains unclear whether DM has neuroprotective effects against MDMA-induced damage in cerebral SERT changes.
]iodophenylamine} is a SPET tracer that has shown a high binding affinity for SERT and has been proven to have excellent brain uptake in rats 26 27 . In our previous studies, [ 123 I]-ADAM was used to monitor the serotonergic system in brain of non-human primate 28, 29 . We also found that MDMA induced neurite damage and neuron death in serotonergic neuron in vitro 30 . Moreover, resveratrol, a natural polyphenolic phytoalexin, could protected against MDMA-induced decrease in SERT availability in midbrain and thalamus of rats 9 . In the present study, SERT density of different brain regions of the monkey (macaca cyclopis) were assessed based on the uptakes of [ 123 I]-ADAM using single photon emission computerized tomography (SPECT). Dynamic imaging of SPECT was performed to evaluate protective effects of DM against MDMA-induced damage in the serotonergic system, which is associated with density of SERT of the monkey brains. ]-ADAM at 24 months (1.64 ± 0.03 in striatum, 1.88 ± 0.05 in thalamus and 2.24 ± 0.03 in midbrain, respectively) compared with those of normal monkeys (2.50 ± 0.22 in striatum, 2.62 ± 0.21 in thalamus and 3.16 ± 0.17 midbrain, respectively) (Fig. 3) . This MDMA-induced serotonergic abnormality had last for up to 54 months ( Supplementary Fig. S1d ).
Results

MRI
Treatment of DM restored MDMA-induced abnormality in monkey brain. We next determined the effect of DM on serotonergic abnormality induced by MDMA. [
123 I]-ADAM uptake distributions of monkeys co-treated with MDMA and DM were similar to those of the normal group (Fig. 2) . Quantitative analysis revealed that mean URs of the regions of interest in DM+MDMA monkeys at 24 months were 2.30 ± 0.19 in striatum, 2.38 ± 0.23 in thalamus and 2.85 ± 0.26 in midbrain, respectively, similar to the normal URs (Fig. 3) . Therefore, the MDMA-induced serotonergic abnormality can be abolished by DM and this effect can last for up to 30 months (the mean URs were 2.25 ± 0.18 in striatum, 2.34 ± 0.27 in thalamus and 2.81 ± 0.13 in midbrain, respectively) ( Supplementary Fig. S2 ).
Discussion
In the present study, we demonstrated that MDMA induced long-term serotonergic lesions in the brain of macaques on [ 123 I]-ADAM/SPECT scan. We showed that co-treatment with DM abolished MDMA-induced aberration in SERT density in several brain regions of the non-human primate.
In rodents, exposure to MDMA repeatedly have been shown to produce deficits in the brain causing neuronal death or memory loss [31] [32] [33] [34] [35] . Callahan and his colleagues found MDMA causes structural damage to axonal transport mechanisms in multiple brain regions 36 . Moreover, Schouw et al. observed a reduction in hemodynamic response in a brain region with reduced SERT densities by using pharmacological MRI, presumably reflecting serotonin mediated changes in neuronal activity 37 . In our study, the URs of [ 123 I]-ADAM in various brain regions of MDMA-treated group were significantly lower than those of normal controls suggested the damage might happened and caused density of cerebral SERT decreasing in the serotonergic neurotransmitter system. In addition, [
123 I]-ADAM SPECT co-registration with MRI is well suited for in vivo assessment of MDMA-induced damage in the brain of non-human primate. Also, effects of MDMA on brain in nonhuman primate were reported harmfully. Ricaurte and his colleague suggested that squirrel monkeys showed serotonergic deficits after MDMA treatment (5 mg/kg, s.c. twice daily for 4 consecutive days) and reduction of 5-HT, 5-HIAA, and [ 3 H] paroxetine were observed 18 months after administration of MDMA 38 . When used the same dosage of MDMA in baboon, Scheffel and his colleague observed that PET imaging with [
11 C](+ )McN 5652 as the radioligand could detect the reduction in SERT density secondary to MDMA-induced neurotoxicity 39 . Furthermore, Reneman and his colleague found that treated with MDMA which following previous studies caused SERT density reduced by 39% in hypothalamic/midbrain region of rhesus monkey brain when using [ 123 I]β -CIT SPECT scan 40 . However, those studies didn't investigate the drug effect for a long time after MDMA treatment. Based on our results, we also found that MDMA-induced damage which is associated with reduced density of cerebral SERT and this serotonergic aberration could persist over four years in the brain of non-human primate.
Dextromethorphan (DM) is a non-opioid morphinan derivative that has been used safely and extensively as an antitussive drug for about 50 years. Also, many preclinical evidences of neuroprotetive properties of DM in vitro and in vivo were reported [41] [42] [43] [44] . In vivo models of ischemic brain injury have shown that DM protects the brain against infarction and functional consequences of injury 45, 46 . In vitro, Liu et al. reported that DM significantly attenuates the lipopolysaccharide-induced reduction the number of dopaminergic neuron and protects against inflammation-mediated degeneration 47 . Accordingly, in our studies, DM can prevent MDMA-induced serotonergic abnormity which is associated with reduced density of cerebral SERT and the protective effect will observed till to 2.5 years. Furthermore, including the striatum, thalamus and midbrain, all have the restoration phenomenon in DM treatment suggest that the protective mechanism may be through maybe increasing blood flow or reducing of cell death 48, 49 . DM protects against brain injury by induced the c-fos protein in the core territory of the middle cerebral artery and reduced the neuronal edema and necrosis in the hippocampus 50 . Posod et al. provide evidence indicating that DM treatment prevents caspase-3 activation and increased the cell viability in hyperoxia-induced cell death 48 . Moreover, DM inhibits the NMDA receptor 51 . Collins and his colleagues found MDMA-induced loss of parvalbumin interneurons is mediated by NMDA and 5HT2A receptors 52 . It has been shown that NMDA receptor activation inhibits the actin-based protrusive activity of dendritic spines 53 . Those results provided a possible protective mechanism of DM (antagonist of NMDA receptor may promote or allow dendritic spine maintenance) in our MDMA-induced monkey model. Also, DM has been reported to increase serotonin levels 54 , through activation of sigma-1 receptors, which has been shown to modulate monoamine neurotransmitter levels [55] [56] [57] . This data suggested block of MDMA in DA and SERT will be compensated possibly by DM triggered release. In this study, the URs of the co-treatment (MDMA/DM) group showed no significant difference when compared to the normal control data, but obviously higher than those of MDMA-treated group. These results indicate that MDMA-induced serotonergic abnormality persisted for over four years in the non-human primate and the DM could alleviate this abnormity.
A number of studies have suggested that SERT is highly involved in MDMA-induced neurotoxicity 13, [58] [59] [60] . The binding of MDMA to SERT of the 5-HT nerve terminal leads to the release of 5-HT from the storage vesicles 61 and causes an acute increase in 5-HT level in the pre-synaptic neuron. Thus, MDMA can trigger a rapid pre-synaptic accumulation of hydrogen peroxide, a product of 5-HT metabolism involving monoamine oxidase B (MAO-B) 13, 62 . Hydrogen peroxide can be converted into hydroxyl radical to cause oxidative stress in mitochondria of the serotonergic neurons 9, 13, 63 . Therefore, a potential therapeutic strategy against MDMA-induced serotonergic neurotoxicity is using selective serotine reuptake inhibitors (SSRIs) to prevent MDMA from entering the pre-synaptic terminals 64 . DM could act like SSRIs to inhibit the binding of MDMA to SERT, thereby exhibiting a protective effect against MDMA-induced neurotoxicity 65 . Taken together, we showed that MRI coupled with [ Experimental procedures. The experimental design was shown in Fig. 4 . Briefly, MDMA (purity: 98%, Investigation Bureau of Taiwan) and DM (Sigma-Aldrich) were dissolved in saline (0.9% NaCl) for subcutaneous (s.c.) injection. Monkeys were fasted overnight and anesthetized with ketamine (10 mg/kg), followed by passive inhalation of oxygen with 1.8% isoflurane at a flow rate of 2 L/min (keeping oxygen saturation 99.5%). For radiotracer administration, intravenous infusion via the cephalic vein was used with 0.9% NaCl at a flow rate of 5 mL/kg/h. Potassium perchlorate (200 mg) was administered orally 20 min prior to radiotracer injection in order to minimize 123 I uptake by the thyroid. In the experiments, [ 123 I]-ADAM protocols were performed at least approximately 4-week intervals. All drugs were administered twice daily for 4 consecutive days as previously described 9 . For DM+MDMA group, DM (5 mg/kg; s.c.) and MDMA (5 mg/kg; s.c.) were given to the animals twice daily (at 9:00 AM and 5:00 PM) for four consecutive days (Fig. 4) 123 I as NaI (approximately 5.55GBq) in the presence of hydrogen peroxide in dilute acetic acid. 5 min later, the reaction was quenched with NaHSO 3 . In order to perform the neutralization, the reaction solution was loaded on an octyl cartridge (Accubond, J&W Scientific, Folsom, CA, USA) and eluted in turn. The injection solution was dissolved in 50% (v/v) ethanol. Purified [ 123 I] -ADAM was collected by eluting from the cartridge with absolute ethanol, and then diluted with 0.9% saline solution to a specific activity of greater than 4.44 × 10 5 GBq/mmole (12,000 Ci/mmole). The radiochemical purity of the solution was always higher than 90%, as determined by high-pressure liquid chromatography (HPLC) on a Hamilton PRP-1 column (4.1 × 250 mm; Hamilton Co. Reno, NV, USA). Elution was by means of isocratic acetonitrile/5 mM dimethyl glutaric acid (DMGA) (pH 7.0) 90:10 solution at a flow rate of 1 ml/min. SPECT analysis in monkey brain. 185 MBq (5 mCi) of 123 I-ADAM was administered and then SPECT was started immediately. Brain imaging of SPECT was performed on a rotating camera equipped with ultra-high resolution fan-beam collimators (Hawkeye, Millennium VG, General Electric Medical Systems, Milwaukee, WI, USA). Spatial resolution of this equipment has a 11.2 mm in full-width at half-maximum at 10 cm from the collimator face. A 10% symmetric window was used for [ The image data were corrected for photon attenuation based on the protocol of the previous study with minor modification 29 . Briefly, SPECT image was created by reconstructing the projection data from every scan per 30 min over the full 4-h course of the experiment using filtered back-projection with a Metz filter. The data were corrected for photon attenuation using Chang's first order method. All the SPECT data were acquired by the same investigator. Regions of interest (ROIs) were drawn in reference to a corresponding magnetic resonance imaging (MRI) of the midbrain (MB), thalamus (TH), striatum (ST) and cerebellum (CB). The MRI images were resliced, resized, and coregistered to all corresponding SPECT images in planes parallel to the canthomeatal line. The image data analysis and radioactivity of [ MRI scanning. T2 Weighted MR Imaging (T2WI) was performed at a 3.0 Tesla GE SIGNA 450 system. After three-plane tripilot imaging, 22 contiguous coronal, sagittal and horizontal T2WIs were acquired using a fast spin echo sequence with TR/TE = 3000/100 ms, echo train length = 8, NEX = 4, matrix size = 256 × 256, FOV = 20 × 20 mm 2 , slice thickness (SLTH) = 4 mm, flip angle = 90°, bandwidth = 50.0 kHz, and acquisition time = 6 min 44 s. All animals in our study were acquired with the same MR parameters. After the image acquisition was completed, images were transferred to a stand-alone personal computer and using N.I.H. Image 1.52 software for analysis. The MR image were then resliced, resized and co-registered to all corresponding SPECT images in plane parallel to the canthomeatal line (CML).
Statistical analysis. One-way ANOVA was performed for regions of interest (ROI) data (LABCAT In-Life v. 6.2). When appropriate, a post-hoc analysis (Dunnett's or tukey's t-test) was carried out. In all cases, statistical significance was defined as p ≤ 0.05.
